Hfq-dependent sRNAs contain, at least, an mRNA base-pairing region, an Hfq-binding site, and a Rho-independent terminator. Recently, we found that the terminator poly(U) of Escherichia coli sRNAs is essential for Hfq binding and therefore for riboregulation. In this study, we tried to identify additional components within Hfq-binding sRNAs required for efficient Hfq binding by using SgrS as a model. We demonstrate by mutational and biochemical studies that an internal hairpin and an immediately upstream U-rich sequence also are required for efficient Hfq binding. We propose that the functional Hfq-binding module of SgrS consists of an internal hairpin preceded by a U-rich sequence and a Rho-independent terminator with a long poly(U) tail. We also show that the Rho-independent terminator alone can act as a functional Hfq-binding module when it is preceded by an internal U-rich sequence. The 39 region of most known sRNAs share the features corresponding to either a doubleor single-hairpin-type Hfq-binding module. We also demonstrate that increasing the spacing between the base-pairing region and the Hfq-binding module reduces or impairs the silencing ability. These findings allowed us to design synthetic Hfq-binding sRNAs to target desired mRNAs.
INTRODUCTION
The RNA chaperone Hfq is essential for the regulatory function of trans-acting Hfq-binding small RNAs (sRNAs) at a post-transcriptional level in enteric bacteria. The functional roles of Hfq in sRNA action are fairly well understood. The primary role of Hfq is to facilitate basepairing between sRNAs and target mRNAs to regulate their translation, mostly negatively and also positively in some cases (Gottesman and Storz 2010; Vogel and Luisi 2011 ). Another role of Hfq is to recruit RNase E near target mRNAs to destabilize sRNA-mRNA hybrids ). In addition, Hfq is known to stabilize sRNAs by protecting them from the attack of ribonucleases (Gottesman 2004; Storz and Gottesman 2006) . The identification of Hfq-binding sites on sRNAs and mRNAs is crucial to understand the mechanism by which Hfq facilitates the base-pairing.
Hfq-dependent sRNAs contain at least three functional elements, an mRNA base-pairing region, an Hfq-binding site, and a Rho-independent transcription terminator. The three elements of sRNAs can be located in different regions of sRNAs, or they can structurally overlap. The base-pairing region that is partially complementary to the target mRNA is well defined in many sRNAs. The role of the base-pairing region is to form an RNA-RNA hybrid with the target mRNA to regulate its translation and stability. The Rhoindependent terminator, characterized as a GC-rich palindrome sequence followed by a run of U residues, is also clearly defined. The primary role of the Rho-independent terminator of sRNAs is to terminate transcription, resulting in distinct sRNA molecules. Another important role of the terminator hairpin is to stabilize the transcribed RNAs (Aiba et al. 1991) . The Hfq-binding site is essential for Hfq to facilitate the pairing between a given sRNA and the target mRNA. While the functional role of the Hfq-binding site is obvious, the exact entity and/or structural composition of functional Hfq site are only partially understood.
Hfq forms a donut-shaped homohexameric ring structure through the N-terminal Sm domain Schumacher et al. 2002; Zhang et al. 2002) . Structural studies on Hfq-RNA oligonucleotide complexes revealed that one side of the Hfq hexamer, called the proximal side, binds U-rich sequences, while the other side, called the distal side, binds A-rich sequences or A-R-N repeats (Schumacher et al. 2002; Link et al. 2009; Sauer and Weichenrieder 2011) . In accordance with these structural studies, biochemical studies demonstrated that Hfq binds preferentially AU-rich sequences in several sRNAs such as OxyS (Zhang et al. 2002) , Spot42 , DsrA (Brescia et al. 2003) , RyhB (Geissmann and Touati 2004) , MicA (Rasmussen et al. 2005) , and RybB (Balbontin et al. 2010 ). Most of these AU-rich sequences are located internally in sRNA molecules near stem-loop structures. However, little mutational analysis of the Hfq-binding sites has been performed in these cases. Thus, it remains unclear whether or not the physically identified Hfq-binding sites are really needed for Hfq action. Recently, we demonstrated that the Rhoindependent terminators of Hfq-binding sRNAs posses more than seven consecutive U residues in general, and this long terminator poly(U) tail is essential for Hfq binding and therefore for riboregulation (Otaka et al. 2011) . Structural and biochemical studies by another group have shown that Hfq preferentially binds U-rich sequences of the 39 end of RNA molecules in vitro (Sauer and Weichenrieder 2011) . An important question is whether the terminator poly(U) tail alone is sufficient for efficient Hfq-sRNA interaction. The aim of this study is to answer this question and to define the structural composition required for the functional Hfq binding within sRNAs by using SgrS as a model.
SgrS is one of the well-characterized Hfq-binding sRNAs that is induced under glucose-phosphate stress in Escherichia coli (Vanderpool and Gottesman 2004) . It binds to the translational initiation region of target ptsG mRNA, encoding the membrane component of the major glucose transporter, resulting in translational repression and RNase E-dependent rapid degradation of ptsG mRNA (Aiba 2007) . Here, we show that the terminator poly(U) tail of SgrS alone is not sufficient for efficient interaction with Hfq. Fine mutational and biochemical analyses revealed that the 39 region of SgrS consisting of an internal hairpin structure preceded by a U-rich sequence and the terminator hairpin followed by a long poly(U) tail are the functional Hfqbinding module of SgrS. The terminator hairpin preceded by a U-rich sequence and followed by a long poly(U) tail can act as the simplest form of a functional Hfq-binding module. In addition, we showed that increasing spacing between the Hfq-binding module and the base-pairing region reduces or impairs the silencing ability. Finally, we were able to design synthetic Hfq-binding sRNAs successfully to target desired mRNAs based on the present findings.
RESULTS

An internal hairpin is important for SgrS function
We showed previously that SgrS14 carrying mutations at nucleotides 183-187 loses the ability to silence the target ptsG mRNA (Maki et al. 2010) . The nucleotides 183-187 of SgrS were expected to be involved in base-pairing with ptsG mRNA because they are complementary to nucleotides 80-76 of ptsG mRNA (Fig. 1A) . However, further mutational study established that the pairing between these regions is dispensable for SgrS function, suggesting that the 183-187 region contributes to the SgrS function by other means (Maki et al. 2010) . We noticed that nucleotides 183-186 of SgrS potentially base-pair with nucleotides 193-196 of the same SgrS molecule, forming a stem-loop structure (Fig.  1A,B ). In addition, a U-rich sequence, UAUU, exists immediately upstream of this potential hairpin structure. Because Hfq is known to bind preferentially AU-rich sequences near hairpin structures in several sRNAs Zhang et al. 2002; Brescia et al. 2003; Geissmann and Touati 2004; Rasmussen et al. 2005; Balbontin et al. 2010) , this hairpin structure along with the preceding U-rich sequence could be involved in SgrS function by acting as an additional Hfq-binding site. To test this possibility, compensatory mutations to retain the intramolecular pairing were introduced in nucleotides 192-196 of SgrS14. Then, we examined the silencing ability of the resulting SgrS14R (Fig. 1C ) compared with SgrS and SgrS14. First, each mutated sgrS gene was placed under the control of an IPTG-inducible promoter on plasmid pQE80L. Each plasmid was introduced into hfq + and Dhfq cells. The expression of RNAs and IICB Glc , the protein product of ptsG mRNA, was analyzed by Northern and Western blotting, respectively ( Fig. 2A) . We confirmed the previous finding (Maki et al. 2010 ) that SgrS14 fails to silence ptsG mRNA, while the wild-type SgrS strongly down-regulates the expression of ptsG mRNA in an hfq + background ( Fig. 2A, lanes 2,3) . Interestingly, SgrS14R restores the ability to silence ptsG mRNA ( Fig. 2A, lane 4) , indicating that the internal hairpin is important for the silencing function of SgrS. The expression level of hairpindisrupting mutant SgrS14 is moderately lower than that of wild-type SgrS in an hfq + background ( Fig. 2A, lanes 2,3) , suggesting that the internal hairpin structure is somehow involved in Hfq binding. In addition, the levels of ptsG mRNA and IICB Glc consistently increase in a Dhfq background, suggesting that Hfq moderately affects transcription and/or stability of the ptsG mRNA in an SgrS-independent manner.
SgrS14 carries base substitutions not only at nucleotides 183-187 but also at several positions upstream of the minimal base-pairing region (Fig. 1C ). To test further the role of the internal stem-loop in SgrS function, we constructed two additional hairpin-disrupting mutants, SgrS14a and SgrS14b, in which only the region corresponding to one strand of the internal hairpin stem is mutated (Fig. 1C ). We also constructed compensatory mutants, SgrS14aR and SgrS14bR, that restore the intramolecular pairing. Then, we examined the silencing ability of each SgrS variant exressed from the corresponding gene under an arabinose-inducible promoter on the low-copy-number plasmid in hfq + cells.
SgrS14a and SgrS14b failed to silence ptsG mRNA, while SgrS14aR and SgrS14bR regained the silencing ability ( Fig. 2B, lanes 3-6) . The hairpin-disrupting SgrS variants were also expressed from the corresponding genes under an arabinose-inducible promoter on the multicopy plasmid in hfq + cells. Interestingly, SgrS14a and SgrS14b were able to (Maki et al. 2010 ), a terminator hairpin including a poly(U) stretch , and a spacer (182) (183) (184) (185) (186) (187) (188) (189) (190) (191) (192) (193) (194) (195) (196) (197) . (*) Nucleotides complementary to the translation initiation region of ptsG mRNA (Vanderpool and Gottesman 2004) . The bold letters represent the crucial nucleotides for SgrS action (Kawamoto et al. 2006) . The inverted repeat sequences in the spacer region are shadowed. The UAUU sequence before the potential hairpin structure is boxed. The Rho-independent terminators are italicized. (B) The predicted secondary structure of the 39 portion of SgrS. (C) The nucleotide sequences of the 39 portion of SgrS variants. (Arrowheads) Nucleotides changed from the wild-type SgrS sequence. The inverted repeat sequences in the spacer region are shadowed. The U-rich sequences before internal or terminator hairpins are boxed.
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repress significantly the expression of ptsG mRNA when their abundance was elevated (Fig. 2B, lanes 7, 8) . We also confirmed again the previous finding (Otaka et al. 2011) that SgrSLS4U possessing a shortened terminator poly(U) tail along with an extended terminator stem completely fails to silence ptsG mRNA despite its higher abundance (data not shown). Taken together, we conclude that the stem-loop in the 183-196 region surely contributes to the efficient action of SgrS, but its requirement is not as strict as that of the terminator poly(U) tail.
U-rich sequence near the stem-loop is also involved in SgrS function
Two AU-rich sequences exist near the internal stem-loop, UAUU from nucleotides 179-182 and UAAAAU from nucleotides 187-192 ( Fig. 1A) . To examine whether these AU-rich sequences are involved in Hfq-dependent SgrS function, we have introduced mutations in these sites and tested their effects on SgrS function. First, the UAAAAU sequence in the predicted hairpin loop was converted to GAGCAC. The resulting SgrSLGC (Fig. 1C ) retains the full Hfqdependent silencing ability (Fig. 3A, lane 3) , indicating that the UAAAAU sequence in the loop is dispensable for SgrS function. Then, we examined the effect of mutations in the UAUU sequence from nucleotides 179-182. Because this sequence except U182 overlaps with the minimal basepairing region, we first constructed SgrS182C carrying a U-to-C substitution at nucleotide 182 ( Fig. 1C ) and examined its behavior. SgrS182C exhibited a reduced ability to silence FIGURE 2. Effects of mutations in internal stem-loop on expression and silencing ability of SgrS. (A) Properties of SgrS variants expressed from pQE80L-series plasmids. IT1568 (hfq + ) and TM589 (Dhfq) cells harboring indicated plasmids were grown in LB medium in the presence of 0.1 mM IPTG. Total RNAs and proteins were prepared. The RNA samples were subjected to Northern blot analysis using SgrS probe 1 and a ptsG probe. The following amounts of RNAs were loaded: SgrS variants, 0.1 mg; ptsG mRNA, 10 mg. Protein samples equivalent to 0.04 A 600 units were subjected to Western blot analysis. (B) Properties of SgrS variants expressed from pMW218-and pTWV228-series plasmids. pMW218 is a low-copy, and pTWV228 is a high-copy plasmid. IT1568 cells harboring indicated plasmids were grown in the presence of 0.2% (for preparation of total RNAs) or 1% (for preparation of total proteins) arabinose. Total RNAs and proteins were prepared. RNA samples were subjected to Northern blot analysis using SgrS probe 1 and a ptsG probe. The following amounts of RNAs were loaded: SgrS variants, 0.25 mg; ptsG mRNA, 10 mg. Protein samples equivalent to 0.04 A 600 units were subjected to Western blot analysis. FIGURE 3. Effects of mutations in AU-rich sequences on expression and silencing ability of SgrS. Properties of SgrS-series (A) and SgrSiseries (B) variants were examined. IT1568 cells harboring indicated plasmids were grown in the presence of 0.2% (for preparation of total RNAs) or 1% (for preparation of total proteins) arabinose. Total RNAs and proteins were prepared. RNA samples were subjected to Northern blot analysis using SgrS probe 1 and a ptsG probe. The following amounts of RNAs were loaded: SgrS variants, 0.25 mg; ptsG mRNA, 10 mg. Protein samples equivalent to 0.04 A 600 units were subjected to Western blot analysis. the ptsG mRNA, suggesting that the UAUU sequence is somehow involved in SgrS function (Fig. 3A, lane 4) . Then, we converted the UAUU sequence to CCGC. The resulting SgrSCCGC (Fig. 1C) is inactive regarding the silencing ability (Fig. 3A, lane 5) . This is as expected because the first 3 nt of the UAUU sequence are also components of the minimal base-pairing region (Fig. 1A) . To examine the effect of mutations in the UAUU sequence on SgrS function without losing the base-pairing ability, we constructed another SgrS variant, SgrSi, in which UAU is inserted before the UAUU sequence (Fig. 1C ). The insertion of the UAU did not affect the expression and the silencing ability of SgrS (Fig. 3B, lane 3) . Then, we converted the UAUU sequence to CCGC, UUUU, or AAAA (Fig. 1C) , and examined the activity of the resulting SgrS variants. Interestingly, SgrSiCCGC and SgrSiAAAA exhibited a reduced silencing ability, while SgrSiUUUU retains the full silencing ability (Fig. 3B , lanes 4-6). These results suggest that the UAUU sequence is required, although not absolutely, for SgrS function. It is also clear that the U-rich but not A-rich property near the stem-loop is important for SgrS function.
The internal hairpin and the immediately upstream U-rich sequence are involved in Hfq binding
The results mentioned above suggest that the internal hairpin and the preceding U-rich sequence within SgrS are involved in Hfq binding. To examine the Hfq-binding ability of SgrS variants in vivo, we performed a pull-down assay using cells in which Hfq-Flag and each SgrS variant were expressed from the chromosomal gene and the corresponding gene on the low-copy-plasmid, respectively. Cell extracts were incubated with anti-Flag M2-agarose beads. Proteins bound to the agarose beads were analyzed by Western blotting using anti-Flag antibodies. The affinity-purified Hfq-Flag was treated with phenol and subjected to Northern blotting. As reported previously (Otaka et al. 2011 ), SgrSLS4U, a mutant with an extended terminator stem and a shortened terminator U stretch, fails to coimmunoprecipitate with Hfq-Flag, while wild-type SgrS efficiently binds Hfq (Fig.  4A, lanes 6,10) . Then, we examined the effect of hairpindisrupting mutations on Hfq binding, focusing on SgrS14b and SgrS14bR. SgrS14b failed to coimmunoprecipitate with Hfq-Flag (Fig. 4A, lane 7) , suggesting that disruption of the internal hairpin impairs Hfq binding. One could argue that the failure of coimmunoprecipitation is due to the reduced abundance of SgrS14b in crude extract compared with SgrS (Fig. 4A, lane 2) . Importantly, SgrS14bR, the suppressor mutant of SgrS14b that restores intramolecular pairing, also restored the ability to bind Hfq (Fig. 4A, lane 8) , although it is similar in abundance to SgrS14b. Thus, the data clearly indicate that the internal stem-loop is required for efficient Hfq binding of SgrS. We also examined the effect of mutation in the U-rich sequence on Hfq binding using SgrSCCGC. The Hfq-binding ability of SgrSCCGC is markedly reduced (Fig. 4A, lane 9 ), suggesting that the U-rich sequence is also required for efficient Hfq binding of SgrS. Taken together, we conclude that, in addition to the terminator poly(U) tail, the internal stem-loop and the immediately upstream U-rich sequence are needed for efficient Hfq binding. We propose that the whole region downstream from nucleotide 179 corresponds to the functional Hfq-binding module of SgrS. This region consists of an internal U-rich sequence followed by a stem-loop and a Rho-independent terminator with a long poly(U) tail.
It should be noted that a small amount of SgrSCCGC coimmunoprecipitated with Hfq-Flag even when expressed using the low-copy plasmid (Fig. 4A, lane 9 ), suggesting that the Hfq-binding ability of SgrSCCGC is reduced but not completely eliminated. To examine further the Hfqbinding ability of SgrSCCGC and SgrS14b, these SgrS variants were expressed using the high-copy plasmid, and the pull-down assay was performed. A significant amount of SgrSCCGC coimmunoprecipitated with Hfq-Flag (Fig.  4B, lane 8) , indicating that SgrSCCGC retains the Hfqbinding ability to some extent. SgrS14b also coimmunoprecipitated, though weakly, with Hfq-Flag when expressed using the high-copy plasmid (Fig. 4B, lane 7) , suggesting that SgrS14b also retains a weak Hfq-binding ability. 
Hfq binding of SgrS variants in vitro
The mutational and biochemical analyses indicate that poly(U) shortening eliminates the Hfq binding of SgrS, while disruption of either the internal stem-loop or U-rich sequence significantly reduces Hfq-binding in vivo. To test directly Hfq binding of SgrS variants in vitro, we investigated the interaction between SgrS variants prepared by in vitro transcription and purified Hfq-His 6 by gel mobility shift assay. First, a fixed amount of 32 P-labeled wild-type SgrS RNA was incubated with increasing concentrations of Hfq-His 6 . The complex formation was analyzed by gel electrophoresis on a native polyacrylamide gel. When the ratio of Hfq hexamer to SgrS was <1, a single retarded complex I along with free 32 P-labeled SgrS was observed (Fig. 5A, lane 2) . When equal amounts of Hfq hexamer and 32 P-labeled SgrS were incubated together, essentially all of the 32 P-labeled SgrS formed complex I (Fig. 5A, lane 3) . When the amount of Hfq-His 6 was increased further, complex I was still observed as a major band, although additional retarded complexes of higher Hfq-to-SgrS ratios were also formed ( Fig. 5A, lanes 4-7) . These results suggest that Hfq hexamer and SgrS form predominantly the stable 1:1 complex I under our experimental conditions, although we do not exclude the possibility that Hfq binds SgrS in other stoichiometries.
Then, we examined the effect of excess amounts of unlabeled SgrS variants on the formation of 32 P-labeled SgrS RNA/Hfq complex I. When excess amounts of unlabeled wild-type SgrS were mixed together, the formation of complex I markedly decreased as expected (Fig. 5B, lanes 3,4) . The same amount of SgrS4U, a mutant with a shortened terminator U stretch (Otaka et al. 2011) , did not affect the complex formation between 32 P-labeled wild-type SgrS RNA and Hfq at all (Fig. 5B, lanes 5,6) , indicating that the Hfq-binding ability of SgrS4U is heavily impaired. This result is perfectly consistent with our previous finding that SgrS4U and SgrSLS4U lose the ability to bind Hfq in vivo (Otaka et al. 2011) . The same competition experiments were performed by using excess amounts of other variants. SgrS14b and SgrSCCGC inhibited the SgrS-Hfq interaction to some extent, although their effects are clearly weaker than that of wild-type SgrS (Fig. 5B, lanes 7,8,11,12 ). Thus, these two variants still partially retain Hfq-binding ability in vitro. The results also show that the Hfq-binding ability of SgrSCCGC is apparently higher than that of SgrS14b. As expected, SgrS14bR inhibits the SgrS-Hfq interaction efficiently ( Fig. 5B, lanes 9,10) , indicating that the Hfqbinding ability is restored to the wild-type level. The data indicate that the relative Hfq-binding ability of SgrS variants decreases in the following order: SgrS = SgrS14bR > SgrSCCGC > SgrS14b > SgrS4U. These in vitro binding data are consistent with the results of the in vivo binding study shown in Figure 4 . Thus, it is apparent that the silencing ability of SgrS variants correlates with Hfq-binding ability. We conclude that the internal hairpin along with the U-rich sequence is required for efficient Hfq binding that is a prerequisite for the silencing function of SgrS.
SgrS variants in which a U-rich sequence is placed adjacent to the terminator hairpin are functional The results mentioned above raised an intriguing question whether the Rho-independent terminator alone, without the internal hairpin, could act as an Hfq-binding site if a U-rich sequence is placed just before the terminator hairpin. To address this question, nucleotides 193-196 of SgrS14a were changed to UUUU to construct SgrS14aUUUU (Fig.  1C) and tested its nature. Interestingly, SgrS14aUUUU became active for the ptsG silencing, and its expression level increased in hfq + but not Dhfq backgrounds (Fig. 6A, lanes  3,6) . When nucleotides 193-196 of SgrS14a were changed to AAAA or CCCC, the resulting SgrS14aAAAA and SgrS14aCCCC remain inactive (Fig. 6A, lanes 4,5) . Thus, the Rho-independent terminator alone could act as an Hfqbinding site without the internal hairpin when a U-rich sequence was placed just upstream of the terminator hairpin. If so, SgrSD14, in which nucleotides 183-196 of SgrS corresponding to the internal stem-loop structure were deleted (Fig. 1C) , would be expected to be active regarding Hfq binding and the ptsG silencing because the UAUU sequence would then be just before the terminator hairpin in SgrSD14. In fact, SgrSD14 was able to efficiently silence the ptsG mRNA in hfq + but not Dhfq backgrounds (Fig. 6B, lanes  6,7) . We conclude that the terminator hairpin followed by a long poly(U) tail is sufficient for an Hfq-binding module when preceded by a U-rich sequence. We also constructed SgrSD10 and SgrSD5 in which nucleotides 183-192 and 183-187 of SgrS14 are deleted, respectively (Fig. 1C ). In these constructs, the UAUU sequence is separated by 5 nt and 10 nt, respectively, from the terminator stem. Neither SgrSD10 nor SgrSD5 was active for the ptsG silencing (Fig. 6B, lanes  4,5) . Thus, the U-rich sequence must be very close to the hairpin structure to act as a signal for Hfq binding.
Effect of spacing between the Hfq-binding module and base-pairing region on SgrS function
The finding that SgrS14aUUUU is active implies that the base-pairing region can be separated by at least 10 bases from the Hfq-binding module with keeping a significant silencing ability. Then, we addressed a question of how increasing the spacing between the base-pairing region and the Hfq-binding module affects the silencing ability of SgrS. For this, we constructed a series of spacing mutants by inserting different lengths of oligonucleotides up to 40 nt between the base-pairing region and Hfq-binding module of SgrS-S (Fig. 7A) . SgrS-S, a 59-truncated SgrS variant, retains the full activity to down-regulate ptsG mRNA, although it contains only nucleotides 168-227 of SgrS (Otaka et al. 2011) . The inserted sequences are taken from the region of gfp mRNA that is predicted to be unstructured. All of the inserted oligonucleotides possess a UAU sequence at their 59 end. Therefore, these manipulations allowed us to separate physically the base-pairing region and the Hfq-binding module. The expression of SgrS-S variants and their silencing ability were tested by Northern and Western blotting. The data show that the insertion of up to 10 nt does not affect the silencing ability (Fig. 7B, lanes 2-4) , indicating that the Hfq-binding module can act efficiently when it is located within 10 nt from the base-pairing region. Further increase of the spacing between two modules significantly decreases the silencing ability (Fig. 7B, lanes 5-7) . When the Hfqbinding module was separated as much as 40 nt away from the base-pairing region, the silencing ability was markedly reduced (Fig. 7B, lane 7) . It is possible that the longer spacing mutants such as SgrS-S+40 are less efficient at riboregulation because the Hfq-binding module and/or the base-pairing region are sequestered in a secondary structure. The secondary structure prediction by the Mfold program (Zuker 2003) suggested that none of the inserted sequences does perturb the Hfq-binding module. In fact, we found that SgrS-S+40 and SgrS-S+20 coimmunoprecipitated as efficiently as SgrS-S (Fig. 7C ). On the other hand, the inserted sequences in SgrS-S+10, SgrS-S+15, SgrS-S+20, and SgrS-S+40 are predicted to base-pair with the base-pairing region in a similar manner. However, it is less likely that these potential pairings perturb the base-pairing region because SgrS-S+10 and SgrS-S+15 retain an efficient silencing ability. Thus, the simplest interpretation of the results of Figure 7B is that increased spacing impairs the Hfq-dependent basepairing ability of SgrS with the target mRNA without affecting the Hfq-binding activity. In other words, the Hfqbinding module must be located near the base-pairing region for efficient riboregulation.
Design of synthetic Hfq-binding sRNAs
We have demonstrated that the Hfq-binding module and the base-pairing region in Hfq-binding sRNAs can be separated by as much as 10 nt without a significant loss of the silencing ability (Fig. 7) . We showed previously that the 14-nt region of SgrS is sufficient for the stable base-pairing with the target ptsG mRNA to execute efficient regulation (Maki et al. 2010) . Thus, it is expected that if a sequence longer than 14 nt FIGURE 6. (A) Effects of nucleotide substitutions at positions before the terminator hairpin on properties of SgrS. (B) Effects of deletions in the spacer region on properties of SgrS. IT1568 and TM589 cells harboring indicated plasmids were grown in the presence of 0.2% (for preparation of total RNAs) or 1% (for preparation of total proteins) arabinose. Total RNAs and proteins were prepared. RNA samples were subjected to Northern blot analysis using SgrS probe 1 and a ptsG probe. The following amounts of RNAs were loaded: SgrS variants, 0.25 mg; ptsG mRNA, 10 mg. Protein samples equivalent to 0.04 A 600 units were subjected to Western blot analysis.
complementary to the ribosome-binding site of any mRNA is connected to an Hfq-binding module within a spacing of 10 nt, the resulting RNA molecule is able to silence the target mRNA efficiently. To test this prediction, we have constructed several plasmids expressing synthetic sRNAs in which sequences complementary either to sodB, ompA, or ompF are placed immediately upstream of the Hfq-binding module of SgrS (Fig. 8A) . The expression and the silencing ability of these synthetic sRNAs were examined by Northern blotting. As shown in Figure 8B , all of these sRNAs are stably expressed and repressed efficiently the expression of sodB, ompA, and ompF mRNA, respectively in hfq + but not Dhfq backgrounds. Thus, we were able successfully to design synthetic Hfq-binding sRNAs to target desired mRNAs.
DISCUSSION
Hfq is essential for bacterial trans-acting sRNAs to regulate the translation and stability of target mRNAs. Studies on SgrS have clarified the roles of Hfq in sRNA action. The primary role of Hfq is to facilitate the base-pairing between SgrS and the target ptsG mRNA by accelerating the rate of duplex formation (Kawamoto et al. 2006) . Another important role of Hfq is to recruit RNase E near ptsG mRNA to destabilize the sRNA-mRNA hybrid ). In addition, Hfq apparently stabilizes SgrS by protecting from the attack of ribonucleases because the abundance of SgrS is significantly low in cells lacking Hfq (Kawamoto et al. 2005; Maki et al. 2010 ). This view is supported also by the finding that levels of the SgrS variants decrease when Hfq binding is impaired riboregulation (Otaka et al. 2011 ). An important unsolved question is how Hfq promotes the base-pairing between SgrS and ptsG mRNA. The identification of Hfq-binding sites on SgrS is certainly required for understanding the mechanism by which Hfq facilitates the base-pairing. We demonstrated in the previous study that the long terminator poly(U) tail of sRNAs is essential for functional Hfq binding and therefore for riboregulation (Otaka et al. 2011) .
In this study, we have unveiled the composition of the functional Hfq-binding site of bacterial sRNAs by starting to address the question of whether the Rhoindependent terminator is sufficient for Hfq binding. We demonstrated that the internal stem-loop preceded by a U-rich sequence of SgrS, in addition to the Rho-independent terminator with a long poly(U) tail, is crucial and sufficient for Hfq binding. Both in vivo and in vitro binding studies established that these two components are needed for the efficient binding of SgrS to Hfq that is a prerequisite for riboregulation. We conclude that the functional Hfqbinding module of SgrS consists of the internal hairpin preceded by a U-rich sequence and the terminator hairpin followed by a long poly(U) tail. We propose that this double hairpin structure represents one type of functional Hfq-binding module. In fact, the 39 region of several known Hfq-binding sRNAs shares these features (Table 1 ). We also showed that the internal hairpin of SgrS is dispensable for Hfq action if a U-rich sequence is placed just before the terminator hairpin. Thus, the terminator hairpin preceded by a U-rich sequence and followed by a long poly(U) tail is a simple type of functional Hfq-binding module. We noticed that many sRNAs possess a U-rich sequence just before the Rho-independent terminator (Table 1) . We conclude that the functional Hfq-binding module of bacterial sRNAs consists of either a double or single hairpin preceded by a U-rich sequence and followed by a 39-poly(U) tail. A few sRNAs such as MicC and OmrA seem to lack an internal U-rich sequence near the terminator or internal hairpin structure. It will be interesting to study what else is needed for efficient Hfq binding, in addition to the Rhoindependent terminator, in these cases.
This study indicates that the Rho-independent transcription terminator is entirely included in the functional Hfqbinding module of sRNAs. In other words, the Hfq-binding module and Rho-independent transcription terminator cannot be separated from each other. On the other hand, the base-pairing region is structurally distinct from the Hfqbinding module, although it partially overlaps with the Hfq-binding module in SgrS. In fact, we showed that the basepairing region can be separated physically from the functional Hfq-binding module, although increasing the spacing between two elements gradually reduces the silencing ability (Fig. 7) . Thus, we are now able to have a clear view concerning the structural organization of Hfq-binding sRNAs. They contain at least one base-pairing region and the 39 Hfq-binding module including the Rho-independent transcription terminator. Based on this view, we were able to successfully design synthetic Hfq-binding sRNAs to target desired mRNAs (Fig. 8) .
It is highly possible that the Hfq binds the poly(U) tail of sRNAs through its proximal side; a recent structural study demonstrated that the proximal RNA-binding site of Hfq prefers to accommodate U-rich RNA 39 ends (Sauer and Weichenrieder 2011) . This study showed that the internal stem-loop structure along with the preceding U-rich sequence is also required for the efficient Hfq binding of SgrS. An intriguing question is whether a single Hfq hexamer binds simultaneously to the terminator poly(U) tail and to the internal stem-loop/U-rich sequence or two sites are recognized by two different Hfq hexamers. The observation that Hfq forms a stable 1:1 complex with SgrS favors the view that a single Hfq hexamer binds simultaneously to the terminator poly(U) tail and the internal stem-loop/U-rich sequence. If this were the case, it would be possible that the proximal side of Hfq binds the terminator poly(U) tail, while the internal stem-loop/U-rich sequence could interact with the distal side or some other portion of the same Hfq molecule. In fact, it was demonstrated recently that a U-rich RNA oligonucleotide corresponding to the internal Hfq-binding site of DsrA interacts with not only the proximal site but also the distal site and the rim of the Hfq hexamer (Wang et al. 2011 ). An alternative possibility would be that the poly(U) tail of one SgrS molecule is recognized by the proximal side of one Hfq hexamer, while the internal stem-loop/U-rich sequence binds the distal side of another Hfq hexamer as proposed recently for DsrA-Hfq interaction (Wang et al. 2011) . Structural studies on the Hfq-functional sRNA complexes are certainly required to clarify why the hairpin structure is needed for the efficient Hfq binding and how exactly Hfq binds to the Hfq-binding modules to facilitate base-pairing between sRNAs and target mRNAs.
The central role of Hfq in sRNA-mediated gene regulation is to facilitate the base-pairing between sRNAs and their target mRNAs. Two possible mechanisms by which Hfq promotes the interaction between sRNAs and their targets have been described (Storz et al. 2004 ; Valentin-Hansen (Dhfq) cells harboring indicated plasmids were grown in LB medium containing 0.2% arabinose. Total RNAs were prepared. The RNA samples were subjected to Northern blot analysis using SgrS probe 2, a ptsG probe, an sodB probe, an ompA probe, and an ompF probe. The following amounts of RNAs were loaded: SgrS-S variants, 5 mg; ptsG mRNA, 10 mg; sodB mRNA, 5 mg; ompA mRNA, 1 mg; ompF mRNA, 1 mg. et al. 2004 ). First, Hfq may unfold the secondary structure of sRNAs and/or target mRNAs to expose the base-pairing regions by acting as an RNA chaperone. In this case, the primary role of Hfq is to relieve structural restrictions in the base-pairing regions of sRNAs and/or mRNAs. The second mechanism would be that Hfq acts by increasing the local concentrations of the RNAs involved in base-pairing through simultaneous binding to both sRNAs and target mRNAs. Although these two models are not mutually exclusive, the recent studies are consistent with a view that unfolding or remodeling of sRNAs/mRNAs could be at least an important mechanism in general by which Hfq facilitates the base-pairing between sRNAs and their target mRNAs. For example, it was shown that Hfq relieves negative interactions within the rpoS leader, a target for positive regulation by DsrA (Soper and Woodson 2008) . We found that a 14-nt RNA oligo corresponding to the minimum base-pairing region of SgrS is able to inhibit ptsG translation without the help of Hfq in vitro (Maki et al. 2010 ). More recently, it has been shown that a truncated RyhB in which internal portions other than the base-pairing region are largely deleted is able to repress efficiently the target sodB mRNA in the absence of Hfq in vivo (Hao et al. 2011) .
MATERIALS AND METHODS
Bacterial strains and plasmids
The E. coli K12 strains and plasmids used in this study are listed in Table 2 . The DNA primers used in this study are listed in Supplemental Table S1 . Plasmids pQESgrS1 and pQESgrS14, derivatives of pQE80L, are described by Kawamoto et al. (2006) and Maki et al. (2010) . Plasmid pQESgrS14R was constructed as follows: pQESgrS14 was used to amplify DNA fragment 1 containing the mutated sgrS region (À2 to +210) with primers 401 and 1077. Similarly, DNA fragment 2 containing the mutated sgrS region (+181 to +247) was amplified with primers 402 and 1076. Then, the DNA fragments 1 and 2 were used to amplify the mutated sgrS region (À2 to +247), in which TCACC between +192 and +196 is changed to CGTGG with primers 401 and 402. The amplified fragment was digested with EcoRI and HindIII and cloned into pQE80L. pAraS, a derivative of pMW218, was used as a vector to construct a series of pSgrS-series plasmids.
pSgrS14a was constructed as follows: pSgrS was used to amplify DNA fragment 3 containing the mutated sgrS region (+1 to +200) with primers 928 and 1008. Similarly, DNA fragment 4 containing the mutated sgrS region (+172 to +229) was amplified with primers 930 and 1007. Then, the DNA fragments 3 and 4 were used to amplify the mutated sgrS region (+1 to +229), in which GGTGT between +183 and +187 is changed to CCACG with primers 928 and 930. The amplified fragment was digested with SalI and HindIII and cloned into pAraS to obtain pSgrS14a.
pSgrS14aR was constructed as follows: pSgrS14a was used to amplify DNA fragment 5 containing the mutated sgrS region (+1 to +210) with primers 928 and 1077. Similarly, DNA fragment 6 containing the mutated sgrS region (+181 to +229) was amplified with primers 930 and 1076. Then, the DNA fragments 5 and 6 were used to amplify the mutated sgrS region (+1 to +229), in which GGTGTAAAATCACC between +183 and +196 is changed to CCACGAAAACGTGG with primers 928 and 930. The amplified fragment was digested with SalI and HindIII and cloned into pAraS to obtain pSgrS14aR.
pSgrS14b was constructed as follows: pSgrS was used to amplify DNA fragment 7 containing the mutated sgrS region (+1 to +197) with primers 928 and 1029. Similarly, DNA fragment 8 containing the mutated sgrS region (+173 to +229) was amplified with primers 930 and 1028. Then, the DNA fragments 7 and 8 were used to amplify the mutated sgrS region (+1 to +229), in which GGTGT between +183 and +187 is changed to TAGCA with primers 928 and 930. The amplified fragment was digested with SalI and HindIII and cloned into pAraS to obtain pSgrS14b.
Other pSgrS-series plasmids were constructed as follows: A DNA fragment was amplified with 928 primer and each of the reverse primers indicated in Supplemental Table S1 . The amplified fragment was digested with SalI and HindIII and cloned into pAraS. To construct pTSgrS-series plasmids, the EcoRI and HindIII fragment containing each of the sgrS variants derived from pSgrS-series plasmids was cloned into pTWV228.
pSgrS-S series plasmids were constructed as follows: A DNA fragment containing the sgrS region with extra sequences was amplified with 929 primer and each of the forward primers TABLE 1. Sequences of the 39 region of Hfq-binding sRNAs RNA sequences transcribed from corresponding genes (http://www.genome.jp/kegg/) were shown assuming that transcription termination occurs at the last U within the polyU tail. Sequences of predicted Rho-independent terminator are italicized. Sequences corresponding to internal hairpin are shadowed, while U-rich sequences before internal and/or terminator hairpins are boxed.
indicated in Supplemental Table S1 . The amplified fragment was digested with XbaI and HindIII and cloned into pAraX.
pSgrS-AS series plasmids were constructed as follows: A DNA fragment containing the sgrS region with extra sequences was amplified with 929 primer and each of the forward primers indicated in Supplemental Table S1 . The amplified fragment was digested with XbaI and HindIII and cloned into pAraX.
Northern blotting
Cells carrying the sRNA-expressing plasmids were grown at 37°C to mid-log phase in LB medium supplemented with ampicillin (50 mg/mL), kanamycin (15 mg/mL), and indicated amounts of IPTG or arabinose. Total RNAs were isolated as described (Aiba et al. 1981) . RNA samples were resolved by 1.2% agarose gel electrophoresis in the presence of formaldehyde unless specified and blotted onto Hybond-N + membrane (Amersham Biosciences). The RNAs were visualized using digoxigenin (DIG) reagents and kits for non-radioactive nucleic acid labeling and a detection system (Roche Molecular Biochemicals) according to the procedure specified by the manufacturer. The following DIG-labeled DNA probes were prepared by PCR using DIG-dUTP: a 305-bp fragment corresponding to the 59 region of ptsG (ptsG probe); a 150-bp fragment containing the 59 portion (+1 to +150) of SgrS (SgrS probe 1); Derivative of pAraX carrying sgrS-ASsodB20
This study pSgrS-ASompA20
Derivative of pAraX carrying sgrS-ASompA20
This study pSgrS-ASompF20
Derivative of pAraX carrying sgrS-ASompF20
This study a 55-bp fragment containing the 39 portion (+183 to +227) of SgrS (SgrS probe 2); a 210-bp fragment corresponding to the 59 region of sodB (sodB probe); a 235-bp fragment corresponding to the 59 region of ompA (ompA probe); and a 220-bp fragment corresponding to the 59 region of ompF (ompF probe).
Western blotting
Cells carrying the sRNA-expressing plasmids were grown at 37°C to mid-log phase in LB medium supplemented with ampicillin (50 mg/mL), kanamycin (15 mg/mL), and indicated amounts of IPTG or arabinose. The cultures (1 mL) were centrifuged, and the cell pellets were suspended in 100 mL of SDS-PAGE loading buffer (62.5 mM Tris-HCl at pH 6.8, 2% SDS, 10% glycerol, 5% b-mercaptoethanol, 0.1% Bromophenol Blue). The sample was heated for 5 min at 100°C and subjected to a 12% (for IICB Glc ) or 15% (for Hfq-Flag) polyacrylamide-0.1% SDS gel electrophoresis and transferred to an Immobilon membrane (Millipore). The membranes were treated either with an anti-Flag monoclonal antibody (Sigma-Aldrich) or anti-IIB Glc polyclonal antibodies (Tanaka et al. 2000) . Signals were visualized by the Lumi-light Western Blotting Substrate (Roche).
Pull-down assay TM771 (DsgrS hfq-FLAG-cat) cells harboring the indicated plasmids were grown in 100 mL of LB medium to A 600 = 0.6 in the presence of 0.4% (for cells harboring low-copy plasmids) or 0.1% (for cells harboring high-copy plasmids) arabinose. Cells were harvested and washed with 10 mL of STE buffer (100 mM NaCl, 10 mM Tris-HCl at pH 8.0, 1 mM EDTA). The cell pellets were suspended in 12 mL of ice-cold IP buffer (20 mM Tris-HCl at pH 8.0, 0.1 M KCl, 5 mM MgCl 2 , 10% glycerol, 0.1% Tween 20). The cell suspension was sonicated and centrifuged at 10,000g for 30 min at 4°C. The supernatant (crude extract) was incubated with 50 mL of anti-Flag M2-agarose suspension (Sigma-Aldrich) for 30 min at 4°C. The mixture was filtered by using a mini chromatography column (Bio-Rad). The agarose beads were washed with 10 mL of IP buffer twice. The proteins bound to the beads were eluted with 50 mL of IP buffer containing 0.4 mg/ mL Flag peptide (Sigma-Aldrich) and used as the bound fraction (B). The samples were analyzed by Western blotting. To analyze RNAs, the crude extract (10 mL) and the bound fraction (10 mL) were treated with phenol, precipitated, and washed with ethanol. Each precipitate was dissolved in 20 mL of RNA buffer (0.02 M sodium acetate at pH 5.5, 0.5% SDS, and 1 mM EDTA). The following amounts of RNA samples were subjected to Northern blotting: crude extract (CE), 3 mL; bound fraction (B), 3 mL.
Preparation of RNAs in vitro
SgrS variants were synthesized by in vitro transcription using T7 RNA polymerase and PCR-amplified DNA templates, containing T7 promoter and the transcribed sequences corresponding to SgrS variants. In vitro transcription reaction were performed by using a CUGA7 in vitro transcription kit (Nippon Genetech) according to the manufacturer's instruction. ½a-32 PUTP (PerkinElmer Life and Analytical Sciences) was added to the reaction mixture to generate 32 P-labeled SgrS RNA. The DNA templates for SgrS, SgrS14b, SgrS14bR, and SgrSCCGC were amplified from pSgrS, pSgrS14b, pSgrS14bR, and pSgrSCCGC, respectively, with primers 1330 and 1332. The DNA template for SgrS4U was amplified from pSgrS4U with primers 1330 and 1333. Primer 1330 contains the promoter sequence for T7 RNA polymerase. Primers 1332 and 1333 are designed to create the DNA templates in which the 39 ends of transcribed sequences correspond to 8 U and 4 U, respectively. The PCR products were treated with phenol and precipitated with ethanol. The precipitated DNAs were dissolved in 10-20 mL of H 2 O. The RNA transcripts were treated with phenol and precipitated with ethanol. The precipitated RNAs were dissolved in 50 mL of H 2 O. The concentration of RNA was determined by gel electrophoresis followed by ethidium bromide staining.
Gel mobility shift assay 32 P-labeled SgrS RNA (0.2 pmol) and indicated amounts of purified Hfq-His 6 were mixed in 5 mL of binding buffer (20 mM Tris-HCl at pH 8.0, 1 mM DTT, 1 mM MgCl 2 , 20 mM KCl, 10 mM Na 2 H PO 4 -NaH 2 PO 4 at pH 8.0) containing 1 mg of yeast tRNA (Invitrogen Japana). Hfq-His 6 was purified as described previously (Maki et al. 2010 ). An excess amount (1 or 2 pmol) of each unlabeled SgrS variant was added together for competition experiments. The mixtures were incubated for 15 min at 37°C, and 5 mL of loading buffer (25% glycerol, 0.05% Bromophenol Blue) was added to the reaction mixtures. The samples were loaded on a 4% polyacrylamide gel in 0.53 TBE containing 5.0% glycerol. The electrophoresis was performed at 4°C. After electrophoresis, the gel was dried up and subjected to autoradiography.
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